Abstract. IGF-binding protein-3 (IGFBP-3) has been shown to induce apoptosis in an insulin-like growth factor (IGF)-independent manner in various cell systems, however, the underlying molecular mechanisms remain unknown. In the present study, we showed that IGFBP-3 significantly enhanced interleukin-24 (IL-24)-induced cell death in prostate cancer (PC) cell lines in vitro. Both the addition of IGFBP-3 to cell medium or the enforced expression of IGFBP-3 in the PC cell line inhibited activation of mammalian target of rapamycin (mTOR). Downregulation of mTOR/S6K reduced Mcl-1 protein expression and consequently promoted sensitization to IL-24 treatment. Overexpression of Mcl-1 reduced the level of cleaved poly(ADP-ribose) polymerase (PARP) induced by IL-24 and IGFBP-3, suggesting that the IL-24-induced apoptosis is realized by way of Mcl-1. We then showed that the combination of IL-24 and IGFBP-3 significantly suppressed PC tumor growth in vivo. We propose that the IGFBP-3 and IL-24 non-toxic mTOR inhibitors can be used as an adjuvant in the treatment of PC.
Introduction
Insulin-like growth factor (IGF)-binding protein-3 (IGFBP-3) is one of the six characterized binding partners of IGF-I, and is the most abundant IGFBP found in circulation (1) . However, growing evidence points to IGF-independent effects of IGFBP-3 on cell growth (2) . IGFBP-3 has been shown to act as a primary growth inhibitor and can be induced by other growth-inhibitory (and apoptosis-inducing) agents such as transforming growth factor-β1 (TGF-β1), retinoic acid, tumor necrosis factor-α (TNF-α) and the tumor-suppressor gene p53 (3) . Growing evidence also suggests that IGFBP-3 is involved in induction of apoptosis (4) . Notably, IGFBP-3 promotes ceramide-induced apoptosis in a breast cancer cell line (5) and enhances both p53-dependent (6,7) and p53-independent (8) apoptosis. However, IGFBP-3 alone shows little effect on cell apoptosis, indicating that other proteins are necessary in this process.
Interleukin (IL)-24 was originally identified as melanoma differentiation-associated gene-7 (mda-7), which is a cytokine tumor suppressor located in a cluster on chromosome 1q32 encoding IL-10, -19 and -20 (9) . Interleukin-24 (IL-24) protein expression is lost during the progression of melanoma tumors; virtually all metastatic melanomas lack IL-24 expression (10) . IL-24 functions as a pro-Th1 cytokine in human peripheral blood mononuclear cells and induces secretion of IL-6, interferon (IFN)-γ and TNF-α (11) . Numerous studies demonstrate potent antitumor functions of IL-24 in a broad spectrum of human cancers, with no effects seen on normal cells (12) .
This tumor cell-specific growth-inhibitory effect has also been observed in multiple animal models in vivo and in human clinical trials. IL-24 exerts its antitumor function mainly through inhibition of the epidermal growth factor receptor (EGFR) and phosphatidylinositol 3-kinase (PI3K) signaling pathways, and the induction of expression of double-stranded RNA-activated protein kinase (PKR) in human non-small cell lung cancer (NSCLC) and breast cancer (13, 14) . The tumor suppressor activity of IL-24 is independent of the status of other tumor suppressor genes, such as p53, Rb, p16 or Ras (15, 16) . IL-24 regulates many proliferative control mechanisms in tumor cells and downregulates anti-apoptotic proteins (Bcl-2/Bcl-xL) and upregulate pro-apoptotic proteins (Bax and Bak); this effect was not seen in normal cells (17, 18) . IL-24 has been established as a promising therapeutic candidate with potent antitumor, antiangiogenic and cytokine activities. However, the precise molecular mechanisms and signaling pathways of IL-24 in melanoma suppression remain largely unknown. The mammalian target of rapamycin (mTOR) is a highly conserved serine/threonine kinase that regulates cell growth, cell cycle progression and metabolism. The PI3K/AKT signaling pathway activates mTOR, which in turn directly phosphorylates ribosome protein S6 kinase 1 (S6K) and eIF4E-binding protein 1, both of which are important in control of protein translation initiation (19, 20) . S6K phosphorylates S6, which regulates the translation of 50 terminal oligopyrimidine mRNAs that encode ribosomal proteins and translational factors. 4EBP1 binds to and inhibits eIF4E, initiating capdependent translation. mTOR is constitutively activated in the development of various types of human cancers, including ovarian, pancreatic and lung carcinomas (21) . Thus, mTOR signaling networks have emerged as attractive targets for novel anticancer therapies.
Insulin
IGFBP-3 is differentially expressed across normal prostate tissue types (6) and may be important in the regulation of prostate cell survival. However, though IGFBP-3 is both antiproliferative and pro-apoptotic, the molecular mechanisms behind its actions have not been elucidated. In the present study, we found that IGFBP-3 selectively enhances IL-24-induced cytotoxicity in prostate cancer (PC) cells, yet has no effect on the survival of adenoma-derived cells, which are resistant to IL-24-induced cell death. This result combined with previous findings leads us to hypothesize that IGFBP-3 promotes apoptosis through regulation of survival pathways activated in response to the induction of apoptosis. This hypothesis potentially explains why IGFBP-3 does not cause apoptosis when added directly to cell cultures (6, 8) . Our present results show, for the first time, that IGFBP-3 inhibits mTOR activation in response to IL-24-induced apoptosis. Inhibition of mTOR activation is important in improving efficacy of both chemotherapy and radiotherapy (22) . Therefore, we propose that through inhibition of the mTOR pro-survival pathway, IGFBP-3 coupled with IL-24 may be a potent adjuvant in a number of cancer treatment regimens.
Materials and methods
Reagents, cell lines and cell culture. LNCap, PC-3, P69 and HEK293 cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, vA, USA) and cultured in the recommended growth medium (Invitrogen, Carlsbad, CA, USA) at 5% CO 2 , 37˚C. HEK293 cells transfected with, and stably expressing the pcDNA3 expression vector containing IGFBP-3 (IGFBP-3 cDNA was constructed by our laboratory). HEK293/IGFBP-3, and a vector control (HEK293/pcDNA3-control) were grown in 10% fetal bovine serum (FBS) Dulbecco's modified Eagle's medium (DMEM) supplemented with 200 mg/ml G418 for selection. Soluble recombinant human IGFBP-3 and IL-24 were purchased from PeproTech, USA.
Treatment with IL-24. Cells were seeded in triplicate flasks and grown under standard conditions until ~70% confluency. Cells were grown for 24 h in a serum-free medium (SFM) to remove IGFBP-3 from the serum and then grown for up to 24 h in SFM supplemented with or without IL-24 (0.2, 0.4 and 0.8 µM) to induce apoptosis. The secreted proteins were harvested from human embryonic kidney HEK-(293) cells transfected with the IGFBP-3 pcDNA3 expression vector or from mock-transfected HEK293 cells. Upon reaching 70% confluency, cells were transfected using Lipofectamine 2000. After 6 h, the medium was replaced by SFM and the cells were harvested 48 h later. The IGFBP-3 content was adjusted to ~100 ng/ml by western blot analysis compared to IGFBP-3 protein standards (Upstate Biotechnology, USA).
Treatment with IL-24/IGF-IR antibody or anti-IGFBP-3 antibodies.
Cells were first incubated in SFM for 24 h, and then in SFM plus an anti-IGF-IR antibody (Santa Cruz Biotechnology) or an anti-IGFBP-3 antiserum at a content level of 5 µg/ml for 24 h, followed by 0.8 µM IL-24 in the presence or absence of IGFBP-3 (GroPep, AUS). The cell yield and floating cell population were counted using a Neubauer counting chamber (vWR, UK).
Assessment of IGFBP-3. Subconfluent monolayers were grown in SFM for 24 h. The cells were then grown in SFM for 24 h, with or without IL-24. The media were then harvested, centrifuged to remove floating cells and stored at -70˚C. The number of attached cells was quantified using a haemocytometer. Proteins from conditioned medium were concentrated using 'Microsep' 10 K centrifuge columns (Gelman Laboratory). The levels of IGFBP-3 were assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblotting and the IGFBP-3 protein was detected by anti-IGFBP-3 antiserum (polyclonal from Diagnostic System Laboratory, USA) using an enhanced chemiluminescence (ECL) system (KPL, USA).
Western blotting. Cell lysates and immunoprecipitates were separated by SDS-PAGE and transferred to nitrocellulose membranes, followed by immunoblotting with the specified primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands were visualized with SuperSignal West Pico Chemiluminescent Substrates (Thermo Scientific Pierce, Rockford, IL, USA).
Generation of recombinant adenoviruses. Recombinant adenoviruses (pAd/CMv/IGFBP-3 or pAd/CMv/IL-24) contained IGFBP-3 or IL-24 between the cytomegalovirus (CMv) promoter and the polyadenylation signal (Sv40pA). These adenoviral vectors were propagated in HEK293 cells (Invitrogen) using a Stratagene MBS mammalian transfection kit (La Jolla, CA, USA) with a modified calcium phosphate transfection protocol. The transfected cells were incubated at 37˚C for 7 days, harvested and subjected to 4 cycles of freezing (dry ice and alcohol)/thawing in a 37˚C water bath. The cell lysates were centrifuged at 12,000 x g and 4˚C for 10 min; then the supernatant (primary virus stock) was transferred to a fresh screw-cap mini-centrifuge tube and stored at -80˚C. Recombinant adenoviruses were further amplified using the same procedure; the cell lysates were centrifuged with cesium chloride step gradients at 60,000 x g and 4˚C for 2 h, allowing the viruses to separate from the defective particles and empty capsids. The recovered virus bands were dialyzed 3 times against phosphate-buffered saline (PBS). The viruses Ad5.IGFBP-3 or Ad5.IL-24 were aliquoted in a buffer containing 10 mmol/l Tris-HCl (pH 8.1), 10 mmol/l MgCl 2 and 10% v/v glycerol and then stored at -80˚C.
Studies in vivo.
Four-week-old athymic nude mice were obtained from the Animal Research Center, Shanghai Laboratory Animal Research Center, China. All procedures were performed in accordance with an animal protocol approved by the First Affiliated Hospital of Medical School, Xi'an Jiaotong University, and by the local Experimental Ethics Committee. All efforts were made to minimize animal suffering and reduce the number of animals used. Tumors were established by subcutaneous injection of 5x10 6 LNcap cells into the right flank of the mice. When a tumor grew to the size of ~50 mm 3 , the host mouse was randomly assigned to one of the 3 groups (each n=6): control (DMSO dissolved in 50 µl PBS and administered i.p. every other day), Ad5.IGFBP-3 (5x10 8 PFU in 50 µl of PBS, administered i.p. every other day) and Ad5.IGFBP-3+Ad5.IL-24 (5x10 8 PFU in 50 µl of PBS, administered i.p. once daily). Tumor size was measured every other day using calipers, and tumor volume (mm 3 ) was estimated as length x width 2 /2. The mice were closely monitored for 24 days prior to euthanization and removal of tumors. Each tumor was stored at -80˚C for further analysis.
Statistical analysis. All data represent the mean of 3 separate experiments. Each experiment was carried out in duplicate or triplicate parallel flasks. Each experiment was repeated 3 times, and results are presented as the mean of the 3 separate experiments. Statistical analysis was carried out using SPSS for Windows statistical software (release 10.0.5; SPSS, Inc., Chicago, IL, USA). Analysis of variance (ANOvA) was used to determine differences among means. Pair-wise comparisons were made using Tukey's post hoc test for multiple comparisons.
Results
LNCap and PC-3 lines are sensitive to IL-24-induced proliferation inhibition, yet not the P69 cell line. Differential sensitivity to IL-24 was observed in PC cell lines. Whereas the LNCap and PC-3 cell lines were sensitive to the inhibition of cell proliferation, the P69 cell line was not sensitive to the drug treatment. However, as experiments on the effects of IGFBP-3 were carried out in SFM, we initially sought to verify that the differential sensitivity to IL-24-induced cell proliferation inhibition was retained under serum-free conditions. Therefore, both LNCap, PC-3 and P69 cells were treated with IL-24 (0.2, 0.4 and 0.8 µM) for 24 h in SFM (Fig. 1A) . In the 3 investigated tumorigenic cell lines, there was a significant decrease in attached cell yield and an associated increase in cell death 
IGFBP-3 potentiates IL-24-induced cell proliferation inhibition in LNCap and PC-3 cells whereas not in the P69
cell line. As the pro-apoptotic IGFBP-3 protein improves the sensitivity of cancer cell lines to the induction of apoptosis (6,8), we investigated whether IGFBP-3 affected the response of cells to IL-24-induced cell proliferation inhibition. Cells were treated with 100 ng/ml IGFBP-3, which is a physiologically relevant dose (6) and equal to ~50 ng/10 6 cells. We investigated the exogenous IGFBP-3 protein to control in vitro. Protein was collected from the conditioned medium of HEK293 cells, which were transiently transfected to express IGFBP-3 protein. The secreted protein was harvested from the culture medium (referred to as IGFBP-3 medium, IGFBP3-M). The resulting concentrated conditioned medium contained ~100 ng/ml IGFBP-3 protein assessed by ELISA. These experiments were controlled by treatment of parallel cultures with concentrated media from mock-transfected HEK293 cells (referred to as mock media; MM). The results are shown in Fig. 2 . Cancer cells were treated with IL-24 at a dose of 0.8 µM to induce moderate cell proliferation inhibition. For the PC cell lines, increasing the amount of IGFBP-3 in the media significantly enhanced cellular sensitivity to IL-24-induced cell proliferation inhibition (Fig. 2) . However, the addition of IGFBP3-M to P69 had no effect on cell proliferation.
The IGF-1R blocking antibody αIR3 (5 µg/ml) failed to block IGFBP-3 potentiation of IL-24-induced cell proliferation inhibition in LNCap cell line, indicating that the cell proliferation decreasing observed was not due to the inhibition of IGF-dependent signaling pathways (Fig. 3) .
Furthermore, the potentiation of IGFBP-3 in IL-24-induced cell proliferation inhibition was completely blocked by the addition of a neutralizing IGFBP-3 antibody, confirming that IGFBP-3 promotes IL-24-induced cell proliferation inhibition.
IGFBP-3 overexpression leads to inactivity of mTOR, which plays an important role in Mcl-1 downregulation.
A recent study shows that PC cell lines express high levels of Mcl-1, and that suppression of Mcl-1 induces significant cell death (23) . As expected, the downregulation of Mcl-1 with siRNA led to increased cell death and PARP protein cleavage in our experiments (Fig. 4A) . Colony formation was also diminished in the presence of Mcl-1 siRNA compared with the control siRNA (Fig. 4B) Fig. 4C and D) . Our results indicate that downregulation of Mcl-1 is critical for the sensitizing effect of IGFBP-3 on IL-24-induced cell death.
In the present study, we have shown that IGFBP-3 potentiates IL-24-induced apoptosis in PC cell lines. Adding to the former findings that IGFBP-3 enhanced apoptosis by suppressing certain survival signalling pathway. We then investigated the mechanism by which IGFBP-3 overexpression suppresses Mcl-1 protein. Initially, mTOR activity was assessed in cells treated with IGFBP3-M. IGFBP3-M suppressed mTOR activity, assessed on basis of weakened phosphorylation of mTOR and its effectors (S6K and S6) in LNCap cells (Fig. 5A) . Since mTOR promotes cell survival through translational control of Mcl-1 (24), we determined the level of Mcl-1 protein in cells treated with mTOR siRNA. As expected, suppression of mTOR resulted in decreased expression of Mcl-1 protein and enhanced LNCap cell sensitivity to IL-24 ( Fig. 5B and C) . S6K as a downstream target of mTOR plays important roles in cell proliferation, protein translation and cell survival and is thus an effective target in cancer therapy (25) . To ascertain whether S6K is involved in the regulation of Mcl-1 expression and consequent cell survival, we transfected the cells with S6K siRNA and then treated them with IL-24. S6K siRNA induced a decrease in Mcl-1 protein levels compared to the control siRNA (Fig. 6A) . Moreover, knockdown of S6K enhanced IL-24-induced cell death ( Fig. 6B and C) . Overexpression of S6K alleviated IGFBP3-M-induced PARP cleavage (Fig. 6D) . Based on these results, we propose that mTOR activity is suppressed upon IGFBP-3 overexpression and is critical for Mcl-1 downregulation.
Overexpression of IGFBP-3 leads to inhibition of mTOR through activation of AMPK. mTOR activity can be suppressed upon energy deprivation, as depleted ATP levels trigger AMPK activation (26) . We further investigated whether AMPK is involved in the mTOR inhibition induced by IGFBP-3 overexpression. Treatment with IGFBP3-M stimulated the phosphorylation of AMPK (p-AMPK) and its substrate (acetyl-CoA carboxylase, p-ACC) in LNCap and PC-3 cells (Fig. 7A) . Moreover, overexpression of IGFBP-3 led to a marked increase in the cellular ADP/ATP ratio, indicating a decrease in ATP content in both cell lines (Fig. 7B) . To clarify the involvement of AMPK in IGFBP3-M-induced mTOR inactivity, cells overexpressing IGFBP-3 were transfected with AMPKα 1/2 siRNA. Downregulation of AMPK led to recovery of mTOR activity (Fig. 7C) . These results suggest that IGFBP-3 overexpression is associated with ATP depletion, leading to AMPK-induced mTOR inhibition.
IGFBP-3 and IL-24 significantly inhibit growth of human PC cells in vivo.
To investigate the effects of IGFBP-3 and IL-24 on cell growth in vivo, LNcap cells were subcutaneously xenografted in nude mice. Tumor volume was reduced in the Ad5.IGFBP-3 group compared with the control group. After treatment with a combination of Ad5.IGFBP-3 and Ad5.IL-24, tumor size was significantly reduced compared with the control group (P<0.01) or the Ad5.IGFBP-3 group (P<0.01), indicating a higher suppression of tumor growth in vivo (Fig. 8A and B) . Western blotting of tumor tissue lysates also revealed that the expression of PARP was significantly upregulated and mTOR was downregulated in the Ad5.IGFBP-3+Ad5.IL-24 group to a higher extent than in the Ad5.IGFBP-3 group (Fig. 8C) . These results are consistent with our studies in vitro, providing further evidence that IL-24 potentiates the antitumor activity of IGBP-3 in vivo.
Discussion
IGF-binding protein-3 (IGFBP-3) is a pro-apoptotic protein previously shown to potentiate apoptotic cell death in a number of systems. In the present study, we showed that in human prostate cancer (PC) cells IGFBP-3 promotes IL-24-induced apoptosis. This important finding suggests that IGFBP-3 may be used to improve IL-24-induced apoptosis in cancer cells without affecting the survival of non-tumorigenic cells.
Apoptosis is induced by both extrinsic and intrinsic pathways initiated by the activation of death receptors and stress-inducing stimuli (27) . Results from the present study contribute to the current literature demonstrating that IGFBP-3 enhances both extrinsic and intrinsic apoptotic pathways (4). Furthermore, IGFBP-3 is pro-apoptotic in several cell systems (breast, esophageal, colonic cancer cells), although its direct addition to cells will not induce apoptosis (7, 8) . These observations led us to hypothesize that instead of being an integral part of cell death signaling, IGFBP-3 instead modify the activity of pathways that modulate the cellular response to apoptosis. This hypothesis represents a more general mechanism by which IGFBP-3 is able to potentiate many death-inducing pathways.
The mTOR pathway plays multiple roles in cell growth, proliferation and survival. In the present study, we determined whether mTOR and its downstream factors are involved in IL-24 sensitization induced by IGFBP-3 overexpression. Unexpectedly, IGFBP-3 overexpression led to reduced levels of phosphorylated mTOR, as well as its downstream effector S6K. Downregulation of mTOR and S6K using siRNA made cells more sensitive to IL-24. Importantly, we showed that knockdown of either mTOR or S6K downregulates Mcl-1 protein levels. These results indicated that Mcl-1 is a downstream target of mTOR and S6K. Furthermore, Mcl-1 may be regulated at the translational level, as the main function of mTOR is to control translation via direct regulation of S6K and 4E-BP. This assumption is supported by several studies in the literature that Mcl-1 is a potential downstream target of eIF4E, which contains a unique G+C-rich 5' untranslated region among the anti-apoptotic Bcl-2 members (24, 28) . In addition, inhibition of mTOR with rapamycin blocked the synthesis of Mcl-1 protein, but not that of Bcl-2 or Bcl-xL.
Surprisingly, overexpression of IGFBP-3 led to a marked increase in the ADP/ATP ratio within cells, indicating a decrease in ATP content. AMPK is a central cellular energy-sensing system that actively participates in the metabolism-cancer interaction via regulation of the mTOR pathway. AMPK activation directly phosphorylates and activates TSC2 by enhancing its GAP activity, leading to inhibition of mTOR signaling (29) . Our findings confirm that overexpression of IGFBP-3 leads to AMPK activation and consequently mTOR inhibition. Downregulation of AMPK with AMPKα1/2 siRNA counteracted the inhibition of mTOR activity by IGFBP3-M. The present study, shows that overexpression of IGFBP-3 is associated with ATP depletion, leading to AMPK-induced mTOR inhibition. This finding highlights a novel underlying mechanism linking the IGFBP-3 and mTOR pathways. However, further research is necessary to clarify the exact mechanisms that link the overexpression of IGFBP-3 to ATP-depletion and subsequent activation of AMPK.
In summary, through inhibiting mTOR activation, IGFBP-3 increases the sensitivity of cancer cells to IL-24-induced apoptosis and may also be important in both the prevention of PC, and as a potential adjuvant for a number of other therapeutic regimens used in the treatment of metastatic prostate cancer.
